Abstract Over the last decade, adherent MDCK (Madin Darby canine kidney) and Vero cells have attracted considerable attention for production of cell culturederived influenza vaccines. While numerous publications deal with the design and the optimization of corresponding upstream processes, one-to-one comparisons of these cell lines under comparable cultivation conditions have largely been neglected. Therefore, a direct comparison of influenza virus production with adherent MDCK and Vero cells in T-flasks, roller bottles, and lab-scale bioreactors was performed in this study. First, virus seeds had to be adapted to Vero cells by multiple passages. Glycan analysis of the hemagglutinin (HA) protein showed that for influenza A/PR/8/34 H1N1, three passages were sufficient to achieve a stable new N-glycan fingerprint, higher yields, and a faster increase to maximum HA titers. Compared to MDCK cells, virus production in serum-free medium with Vero cells was highly sensitive to trypsin concentration. Virus stability at 37°C for different virus strains showed differences depending on medium, virus strain, and cell line. After careful adjustment of corresponding parameters, comparable productivity was obtained with both host cell lines in small-scale cultivation systems. However, using these cultivation conditions in lab-scale bioreactors (stirred tank, wave bioreactor) resulted in lower productivities for Vero cells.
Introduction
With the goal to establish flexible production platforms for high-yield cell culture-derived influenza vaccine manufacturing, cell-line screening has identified on one hand, adherently growing cells such as MDCK (Madin Darby canine kidney) and Vero (African green monkey kidney) cells, and on the other hand, suspension cells such as MDCK 33016, HEK-293, PER.C6, or AGE1.CR® cells (Kessler et al. 1999; Pau et al. 2001; Brands et al. 1999; Kistner et al. 1998; Nakamura and Homma 1981; Sandig and Jordan 2005; Gröner and Vorlop 1997; Le Ru et al. 2010 ). Each cell line shows its specificities, and its use for vaccine production has advantages but also disadvantages compared to the other cell lines. Based on a thorough understanding of the pros and cons of individual host cells for process performance, properties of other cell lines, specific aspects of virus-host cell interaction and process options can be better evaluated. Overall, a thorough comparison of cell lines might help to develop process optimization strategies, as well as to assess quality differences concerning the virus strains and antigens produced.
Over the last decade, the use of adherent cells for influenza virus manufacturing has attracted much attention (Kistner et al. 1998; Barrett et al. 2009; Tree et al. 2001) . In particular, growth and influenza virus replication in adherently growing MDCK and Vero cells has been investigated (Rimmelzwaan et al. 1998; Merten et al. 1999a, b; Nicolson et al. 2005 ). However, a direct comparison of experimental data for these two cell lines, i.e., an identification of the cell line resulting in optimum process performance, is not straight forward. On one side, cell and virus propagation were investigated in different cultivation systems (static systems, roller bottles, spinner, stirred tank). On the other side, not only different media (serum-containing (SC) as well as serum-free (SF)) but also different microcarriers (Cytodex 1 and 3) were used for large-scale cultures (Merten et al. 1996; Quesney et al. 2001; Kistner et al. 2007; Pereira 1998, 1995) . Additional variations resulted from the use of MDCK as well as Vero cell lines from different sources and the use of different influenza virus strains ). And, even when similar cultivation conditions are chosen, differences in productivity as well as product quality are to be expected, as for example, Vero cells are known to be deficient in β-interferon response due to the absence of the β-interferon gene (Mosca 1986; Desmyter et al. 1968 ). Typically, cell lines from two different hosts will also show variations in the glycosylation machinery, metabolism, enzyme activities, and proteome levels (Ritter et al. 2008; Schwarzer et al. 2009 ).
Kistner et al. described the use of adherent Vero cells for influenza vaccine production by comparing the production of different virus strains in eggs and Vero cells (Kistner et al. 1998) . For scale-up, a 1,200 L stirred tank reactor (STR) was used, and cell concentrations up to 5×10 6 cells/ml were obtained using Cytodex 3 microcarriers. Virus infection was done at 32°C. Later, Kistner et al. discussed the successful production of an inactivated H5N1 whole virus vaccine with Vero cells (Kistner et al. 2007; Barrett et al. 2009 ).
It was shown that for most cell culture-derived influenza production, the addition of trypsin at the time of infection resulted in a fast cleavage of hemagglutinin (HA) needed for successful infection. Decreased virus titers (pfu/ml) and slower virus production were described when trypsin was not added to the virus maintenance medium in roller bottles (Tree et al. 2001) . Typically, trypsin has to be added several times during influenza production in Vero cells as these cells release a trypsin inhibitor Romanova et al. 2003) . For MDCK cells, the release of a trypsin inhibitor has also been described recently (Nishiyama et al. 2008) . However, influenza virus replication has not been found to be as sensitive to trypsin concentration as in Vero cells, and trypsin is usually added at time of infection only (Tree et al. 2001; Genzel et al. 2004 Genzel et al. , 2006a Schwartz et al. 2006 ). Finally, virus adaptation to the producer cell line has often been described for the adaptation from eggs to cells (Lin et al. 1997; Genzel and Reichl 2007; Govorkova et al. 1996) . Up to 20 passages were needed to obtain acceptable HA virus titers. However, more typically only three to four passages are needed.
Nevertheless, some viruses were not able to proliferate in some host cell lines (Tobita et al. 1997) . Stability of the produced virus as well as influence of multiplicity of infection (moi), trypsin addition and adaptation can result in varying HA titers over the infection time (Rimmelzwaan et al. 1998; Wressnigg et al. 2009; Audsley and Tannock 2005; Youil et al. 2004) . Harvest time point might therefore be crucial for the virus titer, but also screening for high titer cannot be done without time profiles of infection.
In the following, we present a thorough analysis of the impact of infection parameters (trypsin concentration and cultivation medium) on human influenza virus production in adherent Vero and MDCK cells. Virus seed was adapted to both cell lines. Differences in virus propagation and data for stability of virus were analyzed for various human influenza strains for small-scale cultivation systems (roller bottle, T-flask) in two media. In addition, HA N-glycan analysis was performed to asses cell-specific differences in HA N-glycosylation patterns. Finally, cultivation conditions resulting in similar virus yields for both cell lines in smallscale cultivations were evaluated in a stirred tank and a wave bioreactor using two different media.
Materials and methods

Cell lines
Adherent MDCK cells (ECACC 84121903) and adherent Vero cells (WHO seed; ECACC 88020401) were either cultivated under serum-containing conditions (GMEM # 22100-093, Gibco) as described by Genzel et al.2004 ) (referred as SC in the following) or under serum-free conditions (Episerf #10732-022, Gibco) supplemented with glucose (20-mM final concentration, Sigma #G8270), glutamine (2-mM final concentration, Sigma #G3126) and pyruvate (2-mM final concentration, Sigma #P8574) at 37°C (Genzel et al. 2005 ). This medium is referred to as SF medium in the following. Cells were cultivated in SF medium at least for three passages before an experiment was done.
Virus
As virus production requires serum-free medium for maximum trypsin activity, cells cultivated in SC medium were washed with phospate-buffered saline (PBS) prior to infection to remove the serum and the medium was changed to ΔSC medium (medium based on SC medium but without serum addition). Cells cultivated in SF medium were directly infected. For all conditions, low levels of porcine trypsin were added to facilitate infection of cells at 37°C. Therefore, a sterile-filtered stock solution of trypsin (Gibco, #27250-018) was prepared in PBS with 500 units/ml according to the activity given by the supplier. Virus production was followed by titration of viral HA or by tissue culture infectious dose (TCID 50 ) (Govorkova et al. 1995; Genzel et al. 2006a, b) . Virus seed from supplier (egg-adapted) was passaged at least three times in MDCK cells to produce a master and working virus seed (from ΔSC medium production, referred to as MDCK cell-derived virus seed) and stored in aliquots at −70°C. Virus adaptation for production in Vero cells was done by passaging MDCK cell-derived virus seed four times in Vero cells (T-flasks) (Govorkova et al. 1995 , the cells were infected with moi of 0.001-1 (based on the TCID 50 of the virus seed). When grown in SC medium the bottles were washed three times with PBS (without Ca 2+ /Mg 2+ ) before addition of ΔSC medium. For SF medium, infection was done without washing steps and medium exchange (preliminary experiments showed that the medium sufficiently supported cell growth and virus replication as seen for a different SF medium (Genzel et al. 2006a, b) ). T-flask (T75; Greiner, 75 cm 2 ) experiments were carried out accordingly.
Microcarrier culture in 5 L stirred tank bioreactor Conditions used for the 5 L stirred tank bioreactor were as described by Genzel et al. (2004) . The microcarriers (Cytodex 1, GE Healthcare) were added to the medium in a final concentration of 2 g/L (start cell concentration: 2-3×10 5 cells/ml). After four days cultivation the cells were grown confluent. Then human influenza A/Wisconsin/67/ 2005 HGR H3N2 virus seed and trypsin solution were added. The moi was adjusted to 0.001 based on the TCID 50 of the virus seed (details see Table 1) as preliminary experiments had shown that a lower moi resulted in slightly higher HA titers (data not shown). At the end of the virus production step (indicated by an increase of pO 2 and empty microcarriers), the cultivation was stopped.
Serum-free microcarrier culture in 2 L wave bioreactor Roller-bottle precultures in SF medium were cultivated as described by Genzel et al. (2006a, b ) and detached by exposure to trypsin/EDTA solution (10 ml, 2 min, 0.05 g/L trypsin (Gibco); 0.02 g/L EDTA (Merck)). After incubation at 37°C (MDCK cells: 15 min; Vero cells: 5 min) the reaction was stopped with 20 ml SF medium. The cell suspension was then used to inoculate a 2 L wave bioreactor cellbag (1-L working volume).
Conditions used for the 2 L wave bioreactor were as described by Genzel et al. (2006a, b) . For cultivation in a 2 L wave bioreactor (Wave Biotech AG) SF medium (1 L), microcarriers (prepared as described in (Genzel et al. 2006a, b) ) (2 g/L) and cells (start cell concentration: 2× 10 5 cells/ml) were added to a feed bottle and transferred into the cellbag (CB2L, Wave Biotech AG, LDPE material) (details see Table 1 ). The reactor was set to a temperature of 37°C, a platform angle of 7°, a rocking rate of 15 rocks/ min and aeration with CO 2 mixed with air at 0.1 NL/min (Genzel et al. 2006a, b) . The CO 2 concentration was set manually as shown in Fig. 6e . For infection, virus (human influenza A/PR/8/34 H1N1 (RKI)) and trypsin were added to 250 ml of fresh SF medium. Afterwards, this medium was transferred into the cellbag when cell concentrations higher than 1×10 6 cells/ml were reached (moi=0.018) (removal of 250-ml spent medium before infection). Neither pH nor pO 2 were controlled.
Sampling and analytics
Sample preparation and storage as well as determination of cell concentration, cell viability, metabolites, and virus titers was carried out as described previously Genzel et al. 2004 Genzel et al. , 2005 Mahy and Kangro 1996) . Errors of the different validated assays were as described earlier. For small-scale experiments, given HA titers are expressed as log to the base of 10 with dilution errors of HA: ±0.3 log HA units/100 μL (assay with visual read-out, chicken-erythrocyte solution was set to 2×10 7 cells/ml). For bioreactor cultivations, a more sensitive HA assay was used with a well to well dilution of 1:2 0.5 , and a read-out using a plate reader at 700 nm evaluated after Boltzmann sigmoid fitting (read-out: log 10 HA units/ 100 μL with a relative standard deviation of the method of 9.3%) (Kalbfuss et al. 2008) . For TCID 50 determination the dilution error was ±0.3 log . Samples from the wave bioreactor cellbags (6-7 ml) were taken with a syringe through a Luer-Lock-septum in a 12-h interval during cell growth and virus production. Determination of cell concentrations on microcarriers was carried out as described by Genzel and Reichl (2007) .
N-Glycan analysis was done according to Schwarzer et al. (2009 Schwarzer et al. ( , 2008 . Virus harvest was purified and concentrated by consecutive stepwise g-force gradient centrifugation. Re-dissolved pelleted virus proteins were separated by SDS-PAGE and in-gel-deglycosylation was performed according to Kuster et al. (1997) . N-Glycans were extracted from gel pieces and completely dried (Integrated SpeedVac System ISS100 Savant). Subsequently, glycans were fluorescently labeled with 8-amino-1,3,6-pyrenetrisulfonic acid (APTS) (>96.0%, Sigma-Aldrich) by reductive amination (Callewaert et al. 2001) . APTS-conjugated N-glycans were then desalted in MultiScreen Deep Well Solvinert Filter Plates (Millipore #MDRL N04) packed with size exclusion chromatography (SEC) material. Separation of the conjugated N-glycans from surplus dye was done with modified methacrylate polymer based Toyopearl HW-40F. N-glycancontaining fractions were identified by scanning with a Typhoon TRIO Variable Mode Imager (GE Healthcare). Capillary gel electrophoresis-laser-induced fluorescence (CGE-LIF) was performed according to Callewaert et al. (2004) on an Applied Biosystems ABI PRISM 3100-Avant genetic analyzer equipped with a 3100-Avant Genetic Analyzer Capillary Array and an effective capillary length of 50 cm with undiluted POP-6 polymer (Applied Biosystems #4316357) as separation matrix. The obtained Nglycan fingerprints were then normalized against an internal standard using the suppliers' software package.
Results
Options for cell culture-derived influenza vaccine manufacturing using adherent MDCK cells growing on microcarriers were shown in different cultivation systems (Genzel et al. 2004 (Genzel et al. , 2006a Genzel and Reichl 2007) under serum-containing and serum-free conditions. Monitoring of specific analytical data for this process allowed a thorough evaluation of the corresponding production systems (Schwarzer et al. 2009; Vester et al. 2009; Schulze-Horsel et al. 2009; Kalbfuss et al. 2007) . As an alternative substrate, an adherent WHO-certified Vero cell line was ma, MDCK cell-derived virus seed; va, Vero cell-derived virus seed b Calculated from maximum HA value and cell concentration at toi-HA was converted to virions/ml, assuming the binding of one virus particle per red blood cell with a given concentration of red blood cells of 2×10 7 /ml (an HA of 3.0 corresponds to a dilution of 1:1,000; productivity is then: 2×10 7 virions/ml×1,000 divided by 2×10 6 cells/ml, which equals to 10,000 virions/cell) used Figs. 1 and 2) . Surprisingly, influenza B/Malaysia/2506/2004 could not be adapted to replication in Vero cells (HA titer below detection limit) even when different adaptation strategies were applied (e.g., changes in temperature from 37 to 33°C or fast or slow passaging) in ΔSC and SF medium. N-glycan fingerprints of the HA protein fraction from influenza A/PR/8/34 (NIBSC) were monitored during this adaptation process. As expected, N-glycan fingerprints of the produced HA proteins were different for MDCK and Vero cells. After the first adaptation step, the N-glycan fingerprint changed (Fig. 1) , and stabilized after adaptation step three indicating that the three steps were sufficient for successful matching this virus to the new host cell. Three adaptation steps were also enough to obtain similar virus yields and infection time profiles in Vero cells compared to MDCK cells.
Influence of trypsin
Vero as well as MDCK cells have been reported to release protease inhibitors that have an effect on the activity of trypsin during infection Nishiyama et al. 2008) . For the development of production processes using serum-free media, these inhibitors could have a negative effect on virus production when washing and medium exchange steps are omitted before infection. While virus replication in MDCK cells seems to be only marginally effected by protease inhibitors, multiple trypsin additions have been described for Vero cells to overcome trypsin inactivation (Govorkova et al. 1996) .
When evaluating different trypsin concentrations added to Vero cells in ΔSC medium in RBs, no effects on time courses of virus replication and maximum HA titers could be seen for the tested concentrations (Fig. 3a) . However, in SF medium without washing, an activity of 5.0×10
−5 U/cell was needed for fast progress of infection to high HA titers (Fig. 3b ). An additional washing step before infection (as routinely required in SC/ΔSC medium cultivations) could additionally reduce the time needed for reaching maximum HA titers. Interestingly, multiple trypsin additions did not result in increased HA titers and faster virus replication. In microcarrier systems however (STR and wave bioreactor), additional shear forces led to fast cell detachment at these trypsin concentrations and therefore a reduced concentration of 3-10×10
−6 U/cell had to be used to avoid early cell detachment (see Table 1 ). Therefore, trypsin addition had to be adapted individually to media (even to different lots) and cultivation systems used for Vero cell infections.
Virus stability at 37°C
For the newly adapted viruses the time point of harvest to obtain high TCID 50, titers had to be tested for the different viruses for virus seed stock preparation. As the stability of virus can clearly influence the virus titer, the stability of two virus variants from human influenza A/PR/8/34 H1N1 (supplied by NIBSC and RKI), produced either in MDCK cells or in Vero cells, was tested. Therefore, virus was incubated in ΔSC medium at 37°C for 11 days in RBs. −5 U/cell with medium exchange before infection, (white square) 5×10
−5 U/cell, (black triangle) 3×10 −5 U/ cell, (white triangle) 3×10
−5 U/cell plus addition of 1×10 −5 U/cell after 12 and 24 h, (black circle) 1×10
−5 U/cell with medium exchange before infection, (white circle) 1×10
−5 U/cell plus addition of 1× 10 −5 U/cell after 12 and 24 h (dilution error for the HA assay: ±0.3 log 10 HA units/100 μL)
When following the stability of equine influenza in MDCK cells under similar conditions in RBs, it was seen that the maximum HA titer was relatively constant whereas the TCID 50 decreased over time, and after 150 h, no infectious virus could be detected (Genzel et al. 2006a, b) . For the two different variants from human influenza A/PR/ 8/34, surprisingly, only for the NIBSC variant produced in MDCK cells, a similar decrease in the TCID 50 was found. After 184 h no more infectious virus could be detected (Fig. 4) . For the RKI variant produced in MDCK and Vero cells and for the NIBSC variant produced in Vero cells, clearly, higher stability could be seen. A titer of approximately 10 4.5 TCID 50 /ml remained after 11 days. Maximum peak titers were found at 18 h post infection (pi) for TCID 50 (for the RKI variant produced in Vero cells: 61 h pi) and between 40-97 h pi for HA ( Table 2) . As described earlier, for both RKI variants higher TCID 50 titers were found (10 7.9 TCID 50 /ml) compared to the NIBSC variants (Schulze-Horsel et al. 2009) . Surprisingly, the highest TCID 50 profile (RKI variant in Vero cells) resulted in a comparatively low HA profile (maximum 2.7 log HA units/ 100 μL).
Finally, virus titers and virus stability were analyzed, for other virus strains were produced with lower moi (moi: 0.001) in MDCK and Vero cells in SF medium. Again, relatively constant HA titers were obtained once maximum HA titer was reached (data not shown). In SF medium, but also in ΔSC medium, MDCK cell-derived virions seemed to be less stable than Vero cell-derived virions (Table 2) . Lowest virus stability (k vi =−0.0721 h −1 ) was found for 
Stirred tank cultivation in SC/ΔSC medium
Virus production of influenza A/Wisconsin/67/2005 HGR H3N2 with the MDCK cell-derived seed and the Vero cellderived seed, respectively, was carried out by cultivating both cell lines to confluency in a 5 L stirred tank bioreactor in SC medium on 2 g/L microcarriers (Cytodex 1) (MCS and VCS, see Table 1 ). Both cell lines reached 1.0-2.0×10 6 cells/ml after 4 days cultivation from 2.0-3.1×10 5 cells/ml (Fig. 5(b) ). Glutamine uptake and ammonia release during cell growth was very similar for both cell lines (detailed MDCK data see (Genzel et al. 2004) ), whereas glucose uptake and lactate release was clearly lower for Vero cells (16.9 mM compared to 41.7 mM lactate release) (Fig. 5(d) ). While MDCK cells took up glutamate completely at the end of the cell growth phase, Vero cells constantly released glutamate into the medium (up to a concentration of 1.0 mM).
During the subsequent virus production phase, Vero cells showed again a lower glucose uptake and lactate release, but a similar glutamine uptake and ammonia release (Fig. 5a, c) . The produced HA titer was lower for Vero cells with 2.6 against 3.0 log 10 HA units/100 μL for MDCK cells (Fig. 5e) . Also, the corresponding TCID 50 titer was lower for Vero cells with 1.3×10 7 against 5.6×10 7 infectious virions/ml. This resulted in cell-specific productivities of 10,000 virions/cell against 4,976 virions/cell. Overall, the virus production in the first 24 h was slower in Vero cells than in MDCK cells. However, virus stability seemed to be higher in the Vero production process. For both cell lines, a glutamate release of more than 1 mM could be seen. For Vero cells the time point of increase seemed to correlate to the HA titer. Glutamate release in the MDCK cell process started clearly later ( at 115 h).
Wave cultivation in SF medium
To compare, on one hand, cell line performance in SF medium without a medium exchange before virus infection and, on the other hand, cultivation in a wave bioreactor, serum-free adapted cells (starting concentration: 2×10 5 cells/ml) were grown to confluency on 2 g/L Cytodex 1 microcarriers (1.2×10 6 cells/ml for MDCK; 1.0×10 6 cells/ ml for Vero ) (Fig. 6(a) ). Vero cells however required about 23 h more to reach the respective cell concentration. Subsequently, the cells of both cellbags were directly infected with the corresponding virus seed (A/PR/8-RKI ma and A/PR/8-RKI va ). The increase in suspension cells and the decrease in the concentration of cells on microcarriers was clearly faster for MDCK cells after infection. In both cases, the final concentration of suspension cells after detachment corresponded to the concentration of adherent cells at time of infection, i.e., cell lysis rate seemed to be low.
Comparing the required CO 2 additions together with the pH profiles, glucose uptake and lactate release (Fig. 6b, e) showed a start of pH decrease for MDCK cells parallel to the lactate release resulting in a possible decrease in CO 2 addition. For Vero cells however, clearly, higher CO 2 additions were needed at the beginning of the cultivation and pH was more stable compared to the cultivation of MDCK cells. Lactate release started only after 48 h. But this lactate release did not have a similar effect on the pH as for the MDCK cultivation.
For both cell lines, the molar yield coefficients Y lac/gluc were lower during the cell growth phase (MDCK: 2.4; Vero: 1.6) compared to the virus replication phase (MDCK: 3.2; Vero: 2.8). Vero cells showed, during both phases, lower coefficients as MDCK cells. Glutamine uptake and ammonia release for both cells was similar to the stirred tank reactor (Fig. 6d) . As in SC/ΔSC medium, Vero cells released glutamate, whereas MDCK cells showed a first slight glutamate release followed by a strong uptake. Again, both cell lines released glutamate during virus production.
Virus production was clearly slower and lower in Vero cells for the total virus yield (HA) (MDCK: 33,255 virions/ cell; Vero: 3990 virions/cell). However, for infectious viral particles produced, similar data were obtained for both cell lines (TCID 50 1.2×10 7 virions/ml, Fig. 6c ). When calculating the ratio of infectious to total virions, the Vero cultivation resulted in 3 × 10 −3 , whereas the MDCK cultivation led to 3×10 −4 (corresponding to experimental data obtained for the roller bottle cultivations (see Table 2 )). Delay between increase in TCID 50 and HA titer was clearly bigger for Vero cells than for MDCK cells. For both cell lines increase in TCID 50 was before HA titer increase. (Genzel et al. 2004) : glucose (white square), lactate (black square), glutamine (white circle), ammonia (black circle), glutamate (✱); e) glutamate (grey symbols), virus titer in log 10 HA units/100 μL (full symbols), infectious virus titer (TCID 50 ) (empty symbols). Relative standard deviations were as given previously ( (Lohr et al. 2009 )); read-out for the more sensitive HA assay: log 10 HA units/100 μL with a relative standard deviation of 9.3% For other viruses such as plum virus or rinderpest virus, such adaptations were also described, resulting typically in an improved in vitro virus production by passaging virus isolates (Wallis et al. 2007; Ishii et al. 1986 ). Govorkova et al. described a 26-fold increase in infectious virus titer after 20 passages at limiting dilution of influenza A/England/1/ 53 in Vero cells (Govorkova et al. 1995) . Here, RNA sequence analysis for the HA1 protein showed no changes due to the adaptation process, thus indicating that there is no selection of viruses with antigenic changes in the HA. Additionally, RNA sequence analysis of cold-adapted liveattenuated influenza viruses used as vaccine in children showed that mutations related to attenuation did not change 8 days after vaccination (Klimov et al. 1995) . Similar improvements in virus yield as reported by Govorkova et al. (1995) were also described for MDCK cells comparing titers from passage two and five for different viral samples of H1N1 and H3N2 virus subtypes (Tsai and Trusheim 2008) .
The exact causes for the changes in the HA N-glycan fingerprints during this adaptation process are not yet clear. Previous findings comparing N-glycan fingerprints from different viruses grown in various cell lines showed specific HA N-glycan fingerprints for each virus-host cell line combination (Schwarzer et al. 2008 (Schwarzer et al. , 2009 . This is in agreement with the differences in HA fingerprints from MDCK and Vero cell-derived A/PR/8/34 H1N1 virus observed in this study. Changes in glycosylation between influenza B viruses grown in eggs or MDCK cells were described in detail by Chen et al. using Western blotting and sequence analysis of the HA1 protein (Chen et al. 2008) . For influenza A H3N2 the glycosylation patterns resulting from production in Vero or MDCK cells were compared by Romanova et al. by treatment with glycosidases and Western blotting (Romanova et al. 2003) . It was shown that H3N2-but not H1N1-viruses adapted to Vero cells could no longer infect chicken eggs or agglutinate chicken erythrocytes. However, in our study, no problem with HA determination was noticed for samples from the VCS cultivation using A/Wisconsin/67/2005 HGR H3N2. The authors concluded that changes in HA N-glycosylation are most likely linked to changes in the amino acid sequence. Changes of single amino acids were also found for the adaptation of coronaviruses to Vero cells at different temperatures (Shen et al. 2004 ). Overall, it seems that the interrelation between HA N-glycosylation pattern, RNA, and amino acid sequence has not yet been clearly understood and further studies in this respect should be performed. Based on our findings we assume that the changes in HA N-glycan fingerprints are mainly dependent on the host cell line.
In contrast to the difficulties in adapting influenza B viruses to Vero cells reported here, Wressnigg et al. described successful production of a B/Malaysia/2506/ 2004-like virus strain (B/Vienna/33/06) in SFM at 33°C after adaptation (Wressnigg et al. 2009 ). As Vero cells from different origin (ATCC CCL-81) and different virus strains were used, no clear explanations for this discrepancy to the results reported here can be given. Also, a decrease in incubation temperature to 33°C did not improve virus yields for the tested viruses described. Studies by Tobita et al. and Nakamura and Homma discuss that Vero cells seem to generally produce influenza B viruses only, poorly, compared to MDCK cells (Nakamura and Homma 1981; Tobita et al. 1997) . However, no virus adaptation of the virus seed to Vero cells was described.
In total, various changes can result from passaging of viruses in different cell lines indicating a need for considering specific aspects of virus-host cell interaction (virus dynamics, maximum titers, glycosylation) for process optimization as well as for assessment of antigen quality of vaccine candidates.
Influence of trypsin
Compared to MDCK cells, successful virus production in Vero cells not only depends on virus adaptation but also on the strategy of trypsin addition. MDCK cells, but in particular Vero cells, release protease inhibitors into the cell culture medium affecting the activity of trypsin needed for virus infection Nishiyama et al. 2008) . Washing and medium exchange steps before infection could clearly reduce the activity of trypsin inhibitors, potentially counteracting successful virus replication. However, for a vaccine production process, these steps mean additional medium costs and increased contamination risks. On the other hand, too high trypsin activities in the virus production medium could result in cell detachment. Therefore, as was seen in this study, optimizing trypsin activity is essential. In particular, batch to batch variations of trypsin, media, and differences in shear stress of cultivation systems need to be considered. Increase in trypsin activity resulted in an earlier increase in HA titer in SF medium, while too low concentrations prevented successful virus replication. In SC medium, however, all trypsin concentrations tested resulted in similar HA profiles. Multiple additions of trypsin as described by Govorkova et al. (1995 Govorkova et al. ( , 1996 , did not result in improvement of HA titers. As this method would complicate largescale production processes, a single addition of trypsin at time of infection should be preferred.
Virus stability
When testing the virus stability of different MDCK and Vero cell-derived virus seeds, stable HA titers where obtained at least until 250 h pi at 37°C. However, virus strains clearly differed in stability of TCID 50 . Especially MDCK cell-derived A/PR/8/34 H1N1 ma (NIBSC) in ΔSC medium showed low stability. No infectious virions were detected 184 h pi, which was also seen for equine influenza in MDCK cells at 150 h pi (Genzel et al. 2006a, b) . All other virus strains tested in this study showed better stabilities. In SF medium with lower moi A/Wisconsin/67/ 2005 va HGR produced in Vero cells was most stable (Table 2 , t 1/2 =112 h). For different influenza B viruses in SFM at 33°C (moi: 0.01), Wressnigg et al. showed TCID 50 data up to 96 h pi (Wressnigg et al. 2009 ). Here, all virus strains had a stable titer for the time frame shown, once the maximum titer of about 10 7 -10 8 virions/ml was reached. For influenza A/Neth/18/94 produced in MDCK cells Rimmelzwaan et al. also showed a decrease of TCID 50 and a stable HA titer over a time period of 144 h (Rimmelzwaan et al. 1998) . In contrast, Schwartz et al. described for the production of A/Vietnam/1203/2004 (H5N1) no decrease in TCID 50 until 144 h pi (Schwartz et al. 2006) . It thus seems that adaptation of the virus seed to the host cell line as well as the virus strain has an influence on virus stability and has to be characterized to determine the optimum harvest time especially for seed virus preparation or manufacturing of live-attenuated vaccines.
Cell growth of lab-scale cultivations Vero cells have been used since many years for the production of viral vaccines. The spreading of Vero cells onto Cytodex 1 microcarriers (2 g/L) was observed in detail by Mendonça et al. (1999) . For inoculation they found an optimum cells-to-microcarrier ratio of eight cells per microcarrier leading to 1.6×10 6 cells/ml after 7 days of cell growth in spinner flasks in SC medium. Cultivations in a 3.7 L stirred tank bioreactor resulted in 0.8×10 6 cells/ml after 9 days in batch, and 2.1×10 6 cells/ml after 12 days in perfusion mode (Mendonca and Pereira 1998) . Cultivation of Vero cells on Cytodex 1 at 3 g/L was shown by Quesney et al. (2003) . From a 4×10 5 cells/ml starting concentration, 1.8×10 6 cells/ml were obtained after 5 days. A study in spinner flasks showed that the optimal pH for attachment of Vero cells onto Cytodex 1 microcarriers was pH 7.1, and the use of serum-supported cell growth but not cell attachment (Ng et al. 1996) . Furthermore, continuous stirring at 40 rpm during the attachment phase was favored compared to intermittent stirring. For production of Japanese encephalitis virus in Vero cells using 3 g/L Cytodex 1 in a spinner flask resulted in a maximum cell concentration of 1.8×10 6 cells/ml after 6 days in SF medium (Toriniwa and Komiya 2007) . The production of rabies virus with Vero cells was shown in VPSFM medium using Cytodex 1 microcarriers (3 g/L) in a 2 L stirred tank bioreactor by Rourou et al. (2007) . Here, a maximum cell concentration of 2.6×10 6 cells/ml was reached after 3 days. Finally, Merten et al. compared MDCK and Vero cell growth for influenza infection in the SF medium MDSS2N (Merten et al. 1999a, b) . For Vero cells a maximum concentration of 3.1×10 6 cells/ml was obtained after 5 days (Cytodex 1 microcarriers, 2.5 g/L).
Experimental data obtained in this study in SC medium as well as in SF medium in both bioreactors (Cytodex 1 microcarriers, 2 g/L) are thus comparable to reported results for Vero cells. In particular, maximum cell concentrations of 1-2×10 6 cells/ml after 4 to 5 days with 2 g/L microcarriers were reached. Thus, the chosen process conditions resulted in similar cell growth for MDCK and Vero cells.
Virus production in lab-scale cultivations
From preliminary experiments in small-scale T-flasks and roller bottles, optimal conditions for the direct comparison of MDCK and Vero derived influenza vaccine production at a larger scale could be identified. At small-scale, Vero cells produced similar or even higher virus titers than MDCK cells. But also conditions for lower titers were possible. Especially, medium and virus strain had a strong influence on the possible titers. For the production of A/Wisconsin/ 67/2005 HGR in SF medium, Vero cells showed higher virus titers than MDCK cells (HA as well as TCID 50 ) ( Table 2 ). On the other hand, for the cultivation in 5 L stirred tank bioreactor in SC medium, Vero cells produced lower virus titers than MDCK cells. Nevertheless, titers above 2.6 log 10 HA units/100 μL are very reasonable. For the production of two different H5N1 influenza viruses in 30 or 100 L scale bioreactors, Kistner et al. used the Vero ATCC CCL81 cell line and virus adapted over four passages (Kistner et al. 2007) . With a moi of 0.001 and infection at 32°C, HA titers of 2.7-3.0 log 10 HA units/ 100 μL were obtained. Earlier, Kistner et al. showed for different virus strains a comparison between Vero-derived and egg-derived virus production. HA titers of 2.1-2.4 log 10 HA units/100 μL were typically obtained for Vero cells and all cultivations shown from a 1,200 L bioreactor reached HA titers of 2.4 log 10 HA units/100 μL (Kistner et al. 1998) .
In this study, during virus replication phase in both bioreactors (STR and wave), the concentration of cells on microcarriers decreased faster for MDCK cells than for Vero cells. Correspondingly, the respective concentration of MDCK suspension cells increased earlier indicating faster induction of virus-induced apoptosis in these cells.
Metabolism in lab-scale cultivations
Vero and MDCK cells cultivated in both media and both reactor types showed a similar glutamine uptake and ammonia release, but a slightly lower glucose uptake and respective lactate release for Vero cells. A clear difference was noticed for glutamate. Vero cells released glutamate constantly, whereas MDCK cells took up glutamate completely towards the end of the cell growth phase. Mendonca et al. described the metabolism of Vero cells in Leibovitz medium supplemented with 5% FCS and 2 mM glutamine in a stirred tank bioreactor cultivation (Mendonca and Pereira 1998) . Cell concentrations of 0.8×10 6 cells/ml were reached in batch mode after 8 days of cultivation. They observed an uptake of lactate when galactose was used as a carbon source. Glutamine uptake and ammonia release was similar but changes in glutamate concentrations were not reported. The effect of ammonia and glutamine/glutamate on growth of Vero cells in DMEM medium was analyzed in detail by Huang et al. (2006) . During growth in medium without glutamine but containing glutamate and ammonia, ammonia was slightly taken up. No ammonia release was seen during growth in medium containing only glutamate or glutamate and asparagine. Only for growth in glutamine medium, ammonia release was found, which was similar to the release observed in this study. For the glutamatecontaining media Huang et al. also described an uptake of glutamate similar to what was found for MDCK cells in SC medium in this study. This medium, however, did not contain glutamine. It seems that Vero cells use glutamate to produce glutamine via the enzyme glutamine synthetase. However, if glutamine is added to the medium, glutamine is taken up preferably while glutamine synthetase activity is reduced. In this case, even a release of glutamate is possible. Work is in progress to use specific enzyme actvity assays (Janke et al. 2010) to characterize cultivations in different media, ie., media which do not contain glutamine. Details on metabolism of VPSFM/William's E medium in a stirred tank bioreactor performed under similar conditions as described in this study were also given by Quesney et al. (Quesney et al. 2003) . Compared to our results, glutamine uptake was clearly higher in VPSFM/William's E medium leading to a complete uptake after 4 days. Furthermore, also a release of glutamate was observed, which was explained by the authors as a transformation of glutamine to glutamate. Vero cells were also cultivated in VPSFM medium (4 mM gln) by Rourou et al. for rabies virus propagation (Rourou et al. 2007) . Although lower glucose starting concentrations were used, higher lactate levels were reached compared to both lab-scale cultivations in this study. In contrast to glucose, higher glutamine starting concentrations were used by Rourou et al., but lower ammonia release was observed. No glutamate data was given.
Previous cultivation data for MDCK cells in a different serum-free medium in a wave bioreactor under similar conditions (Genzel et al. 2006a, b) and in SC/ΔSC medium in a stirred tank bioreactor (Genzel et al. 2004) showed very similar glucose uptake and lactate release as well as glutamine uptake and ammonia release. Only the uptake of glutamate in both reactors and media was different. In the previously described serum-free medium glutamate was slightly released (Genzel et al. 2006a, b) . How glutamine metabolism and glutamate uptake or release is regulated in cells still needs further clarification. A possible approach would be a study monitoring intracellular metabolite concentrations and specific enzyme activities (Ritter et al. 2008) together with the concentration of extracellular substrates and growth inhibitors.
MDCK or Vero cells for influenza vaccine production?
On one hand, comprehensive experimental data on Vero cell lines used for production of polio and rabies vaccines but also influenza virus can be found. On the other hand MDCK cells have been shown to be equally good host cells for influenza vaccine manufacturing. However, as studies were typically performed using different media, cultivation vessels, cultivation conditions, and virus strains, a direct comparison of both host cell lines was difficult.
Data presented here now allow a better assessment of results obtained for influenza virus production in MDCK and Vero cells, emphasizing the influence of virus adaptation, trypsin addition, medium selection, and time of harvest. Similar virus titers can be obtained for Vero and MDCK cells when conditions are optimized in small-scale experiments. In bioreactor cultivations however, MDCK cells seem to be favorable. Additionally, not all virus strains seem to be equally well adaptable to the different cell lines. Furthermore, differences in resulting HA N-glycan fingerprints might be relevant for immunogenicity of vaccines. Therefore, having alternative host cells seems to be essential for worldwide vaccine production, especially in case of a pandemic.
